The antiinflammatory effects of i.v. Ig (IVIG) in the treatment of autoimmune disease are due, in part, to the Fc fragments of Ig aggregates. In order to capitalize on the known antiinflammatory and tolerogenic properties of Ig Fc aggregates, we created a recombinant human IgG1 Fc multimer, GL-2045. In vitro, GL-2045 demonstrated high-avidity binding to Fc receptors, blocked the binding of circulating immune complexes from patients with rheumatoid arthritis to human Fcg receptors (FcgRs), and inhibited antibody-mediated phagocytosis at log order-lower concentrations than IVIG. In vivo, administration of GL-2045 conferred partial protection against antibody-mediated platelet loss in a murine immune thrombocytopenic purpura (ITP) model. GL-2045 also suppressed disease activity in a therapeutic model of murine collagen-induced arthritis (CIA), which was associated with reduced circulating levels of IL-6. Furthermore, GL-2045 administration to nonhuman primates (NHPs) transiently increased systemic levels of the antiinflammatory cytokines IL-10 and IL-1RA, reduced the proinflammatory cytokine IL-8, and decreased surface expression of CD14 and HLA-DR on monocytes. These findings demonstrate the immunomodulatory properties of GL-2045 and suggest that it has potential as a treatment for autoimmune and inflammatory diseases, as a recombinant alternative to IVIG.
Introduction
I.v. Ig (IVIG) is a marketed product composed of Igs from thousands of human donors (1) . While the mechanism by which IVIG restores functional humoral immunity in patients with antibody deficiencies are self-evident, the mechanisms by which IVIG regulates tolerance in patients with autoimmune disease are much more speculative (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) . The practical consequence of such mechanistic diversity and/or uncertainty has been the historic inability to develop a recombinant drug that is capable of recapitulating the antiinflammatory properties of IVIG. Therefore, the medical community is left in a situation where intra-and interproduct variability are uncomfortable realities; where life-threatening toxicities, such as thrombosis and acute hemolysis, are infrequent yet well documented; and where mechanistic studies are complicated by product diversity (19, 20) . Additionally, while clinical use of IVIG fractions with purported enhanced antiinflammatory activity might prove mechanistically intriguing (e.g., α-2,6 sialylated IVIG), the results reported to date are controversial (16, (21) (22) (23) (24) (25) . Furthermore, the additional steps required for purification are technically challenging, will likely only increase the price of an already expensive therapy, and do not address problems of demand or blood borne pathogen infection risks.
The overwhelming clinical need for a product that could mediate the antiinflammatory properties of IVIG prompted us to embark on a drug discovery process that resulted in the development of M-045, a recombinant mouse IgG2a-based fusion protein bearing the human IgG2 hinge domain on its C-terminus, which induces the formation of highly ordered Fc-multimers (26) . M-045 avidly binds all murine Fcγ receptors (FcγRs) and mediates protection against platelet loss in a model of immune thrombocytopenic purpura (ITP), and therapeutic efficacy in a murine collagen-induced arthritis (CIA) model. Importantly, different scientific teams recapitulated the validity of these findings in models of myasthenia gravis and experimental autoimmune neuritis (27, 28) .
The antiinflammatory effects of i.v. Ig (IVIG) in the treatment of autoimmune disease are due, in part, to the Fc fragments of Ig aggregates. In order to capitalize on the known antiinflammatory and tolerogenic properties of Ig Fc aggregates, we created a recombinant human IgG1 Fc multimer, GL-2045. In vitro, GL-2045 demonstrated high-avidity binding to Fc receptors, blocked the binding of circulating immune complexes from patients with rheumatoid arthritis to human Fcγ receptors (FcγRs), and inhibited antibody-mediated phagocytosis at log order-lower concentrations than IVIG. In vivo, administration of GL-2045 conferred partial protection against antibody-mediated platelet loss in a murine immune thrombocytopenic purpura (ITP) model. GL-2045 also suppressed disease activity in a therapeutic model of murine collagen-induced arthritis (CIA), which was associated with reduced circulating levels of IL-6. Furthermore, GL-2045 administration to nonhuman primates (NHPs) transiently increased systemic levels of the antiinflammatory cytokines IL-10 and IL-1RA, reduced the proinflammatory cytokine IL-8, and decreased surface expression of CD14 and HLA-DR on monocytes. These findings demonstrate the immunomodulatory properties of GL-2045 and suggest that it has potential as a treatment for autoimmune and inflammatory diseases, as a recombinant alternative to IVIG.
Based on these findings, we developed a human analogue of M-045, called GL-2045, in preparation for anticipated first in human (FIH) studies and recently reported that GL-2045 inhibits complement activation in vitro (29) . Here, we show that GL-2045 binds with high avidity to the low-affinity human FcγRs and interferes with the interactions of immune complexes (IC) with FcγRs. In vivo studies in murine autoimmune disease models demonstrate the efficacy and enhanced potency of GL-2045 compared with IVIG. In healthy rats and nonhuman primates (NHPs), GL-2045, across a broad range of doses, induced immunomodulatory effects, as shown by changes in the concentration of circulating cytokines and chemokines. These data provide a basis for the continued preclinical evaluation of GL-2045 in order to support advancement to clinical studies of human inflammatory and autoimmune diseases.
Results

GL-2045 is composed of highly ordered Fc-multimers and binds to Fc receptor-expressing immune cells from different species.
GL-2045 was designed by linking the human IgG2 hinge region (ERKCCVECPPCP) to the C-terminus of human IgG1 Fc, which contains hinge CH2 and CH3 domains ( Figure 1A ). SDS-PAGE analysis revealed that nondenatured GL-2045 had multiple distinct ladder-like bands. Under reducing conditions, GL-2045 demonstrated a band between 30-40 kDa, consistent with the predicted size of the glycosylated peptide, and a second light band at approximately 60 kDa, which most likely represents a nonreduced doublet ( Figure 1B ). GL-2045 bound to CHO cell clones expressing human FcγRIIa, Fcγ-RIIb, and FcγRIIIa, while G001, a recombinant human Fc homodimer control, demonstrated only limited interactions (30) . The ability of GL-2045 to interact with these FcγRs was confirmed by binding studies with human immune cells, where it bound to B cells, NK cells, monocytes, and granulocytes but not to T cells that lack FcγRs ( Figure 1C ). Furthermore, GL-2045 also bound to immune cells originating from mice, rats, and NHPs, presumably through FcR engagement, providing justification for preclinical evaluation of GL-2045 in immunocompetent murine disease models and in healthy rats and NHPs ( Figure 1C for NHP and mouse immune cell binding and rat immune cell binding in ref. 30) . Importantly, different preparations of GL-2045 (manufactured by Gliknik and Pfizer), demonstrated consistent multimerization signatures, as shown by SDS-PAGE and gel filtration analyses, and similar patterns of binding to human immune cells, indicating the consistency of the compound manufacturing process and thereby mitigating concerns regarding batch-specific treatment responses (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.121905DS1).
GL-2045 avidly binds the canonical FcγRs, FcRL5, and FcRn but not DC-SIGN. We employed biolayer interferometry (BLI) and surface plasmon resonance (SPR) to better define the temporal interactions of GL-2045 with individual human FcRs. These data demonstrate that GL-2045 has high avidity to all of the human canonical FcγRs evaluated, with apparent binding affinity (K D ) values in the 1 × 10 -11 to 1 × 10 -12 M range (Table 1 and Supplemental Figure 2 ). Importantly, these high levels of avidity were almost exclusively attributable to slower rates of dissociation, as shown by comparison of the dissociation profiles in the sensograms for GL-2045 vs. IVIG and human IgG1 and associated dissociation rate (Kd) values, for binding to FcγRIIIa, as a representative example low affinity Fcγ receptor (Supplemental Figure 2 , A-C, and Table 1) .
Next, we sought to evaluate the interactions of GL-2045 with several of the noncanonical FcRs, such as FcRL5, FcRn, and DC-SIGN (31) (32) (33) . GL-2045 interactions with FcRL5 were analogous to those of the low-affinity canonical FcγRs (Table 1) . While GL-2045 bound to FcRn at a pH of 6, the K D values were higher than those obtained for the binding to the canonical FcγRs, suggesting that GL-2045 has weaker avidity for FcRn compared with FcγRs. Additionally, because of the potential role of DC-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN)engagement by α-2,6 sialylated Fc in mediating the antiinflammatory functions of IVIG (8), we evaluated the ability of both IVIG and GL-2045 to engage this molecule. Neither GL-2045 nor IVIG bound to DC-SIGN, while an ICAM3-positive control demonstrated high-affinity binding (Supplemental Figure 2D) .
Finally, to demonstrate that GL-2045 binds to murine, rat, and NHP FcγRs, in preparation for rodent and NHP in vivo studies, we characterized the binding of GL-2045 to these different species of canonical FcγRs and FcRn (Table 1) . GL-2045 bound with high avidity to each species of receptors examined, with low rates of dissociation similar to those seen with the human receptors.
GL-2045 blocks Fc-FcγR interactions, inhibits antibody-dependent phagocytosis and cytotoxicity and actively signals through FcγRIIa and FcγIIIa.
As a first step in evaluating GL-2045 function, we sought to determine its ability to inhibit IC binding to CHO cells engineered to express the human receptors FcγRIIa, FcγRIIb, and FcγRIIIa (Figure 2A ). CHO-huFcγR cells pretreated with GL-2045 showed significantly diminished ability to bind ICs, found in rheumatoid arthritis (RA) patient serum, compared with those pretreated with the G001 Fc-homodimer control. Furthermore, GL-2045 blocked both antibody-dependent cellular phagocytosis (ADCP) and antibody-dependent cellular cytotoxicity (ADCC) in a dose-dependent manner, with statistically significant effects seen at 10 μg/ml (ADCP) and 100 μg/ml (ADCC), while G001 had no effect ( Figure 2B ). IVIG (10 mg/ml) partially blocked phagocytosis and showed no effect on ADCC, demonstrating the potency of GL-2045 relative to IVIG.
Many of the antiinflammatory effects associated with IVIG are thought to be secondary to active FcγR signaling, rather than simply passive receptor blockade (7, 12, 34) . To evaluate the ability of GL-2045 to induce FcγR signaling, we employed components from ADCP and ADCC reporter bioassays, in which signaling through either FcγRIIa or FcγRIIIa on Jurkat cells (T cells) engineered to express FcγRIIa or FcγRIIIa, increases luminescence. GL-2045 mediated a bell-shaped dose-response curve in both assays ( Figure 2C ). We postulate that the diminished responses observed at higher drug concentrations in these reporter bioassays might be due to an overstimulation that leads to signaling pathway desensitization over the time course of the assay. The half-maximal effective concentration (EC 50 ) values for GL-2045 were calculated for FcγRIIa at 0.09 nM and for FcγRIIIa at 0.9 nM. In contrast, while IVIG also mediated a bell-shaped signaling response through FcγRIIa, its potency and efficacy in both signaling assays was lower than that of GL-2045, as shown by >3-log order differences in the concentration of IVIG required to induce a weak luminescence signal (EC 50 611 nM and 4200 nM for FcγRIIa and FcγRIIIa, respectively). G001 did not mediate signaling at any of the concentrations tested. GL-2045 prevents immune thrombocytopenia and ameliorates CIA in mice. Informed by both our functional studies in vitro and the knowledge that GL-2045 engaged the murine FcγRs in a manner similar to their human analogues, we next sought to evaluate the therapeutic potential of GL-2045 in murine models of ITP and CIA. In an ITP model, i.v. administration of GL-2045 at 40 mg/kg protected mice from anti-CD41-mediated platelet loss, as shown by the statistically significant increase in platelet numbers compared with the human albumin control group ( Figure 3A) . GL-2045 administered at 80 mg/kg i.v. showed a trend toward protecting against platelet loss, but the effect did not reach statistical significance. Furthermore, consistent with our published data (26) , the murine GL-2045 analogue, M-045, administered at 40 mg/kg i.v., also mediated protection from platelet loss. I.p. administration of 80 mg/kg of GL-2045 had no effect on platelet numbers, suggesting potential differences in the pharmacokinetic profile caused by different routes of administration. As previously reported (26), i.p. administration of IVIG at 2 g/kg was also effective, as shown by the significant increase in platelet numbers compared with the human albumin control group ( Figure 3A) .
Because the murine ITP model relies on passive antibody administration to mediate platelet loss and the positive effects of GL-2045 were demonstrated in the prevention regimen only, we sought to understand the therapeutic potential of GL-2045 in CIA, where disease is actively induced by collagen vaccination. Treatment with GL-2045, M-045, or IVIG was initiated after onset of arthritis. Analysis of arthritis in all paws revealed that GL-2045 -administered i.v. every 4 days (Q4D) at doses of 10, 30, 50, or 80 mg/kg -mediated dose-dependent therapeutic effects ( Figure 3B ). M-045 mediated almost complete disease suppression, which was equivalent to that of dexamethasone. IVIG, given at either 80 mg/kg i.v. or 2 g/kg i.p., did not provide any clinical benefit within the treatment period of this study. While dexamethasone, GL-2045, and M-045 mediated significant effects on the arthritis score, the dexamethasone-treated mice lost weight during treatment. In contrast, GL-2045-and M-045-treated mice gained weight over the same time interval ( Figure 3C ).
In order to evaluate the influence of GL-2045 on the different stages of active disease, we analyzed the impact of treatment on the paws of animals that were inflamed at the start of therapy (inflamed paws), vs. those that were not swollen but maintained the potential to develop disease (noninflamed paws) (Figure 3 , D and E). GL-2045, M-045, and dexamethasone suppressed the development of disease in the noninflamed Figure 3D ). Although M-045, GL-2045, and dexamethasone were associated with numerical decreases in arthritis scores in inflamed paws, these treatment effects did not reach the level of statistical significance ( Figure 3E ). Histologic analysis of all paws revealed improved outcomes following treatment with dexamethasone, M-045 (data not shown), and GL-2045 (at 50 mg/kg i.v.) ( Figure 4A ). When quantified, dexamethasone, M-045 (data not shown), and GL-2045 (at 50 mg/kg i.v.) mediated statistically significant reductions in inflammation, pannus, cartilage damage, bone resorption, and periosteal bone formation ( Figure 4B ).
GL-2045 reduces systemic IL-6 levels in CIA. To decipher the mechanisms by which GL-2045 mediated its therapeutic effects in CIA, we analyzed the plasma levels of IL-1β, IL-6, IL-10, IFN-γ, TNF-α, and anti-collagen antibodies, all of which have been implicated in the pathophysiology of murine arthritis (35) (36) (37) . On postenrollment day 5 or 6, all groups of mice that benefited from GL-2045, M-045, or dexamethasone (as shown by improved arthritis scores) demonstrated significantly lower concentrations of serum IL-6 compared with PBS-treated CIA mice ( Figure 5A ). IFN-γ and TNF-α levels were not significantly affected , or IVIG for 6 hours, and nuclear factor of activated T cells (NFAT) pathway activation was measured by luciferase activity quantification. *P < 0.05, **P < 0.01, ***P < 0.001, compared with G001 control (A) or no treatment control (B). One-way ANOVA with Tukey's or Dunnett's multiplicity correction.
by treatment, and IL-1β and IL-10 levels were not detectable (data not shown). Levels of anti-collagen antibodies in GL-2045-and M-045-treated animals showed a trend toward reduction but did not reach statistical significance, compared with PBS-treated mice ( Figure 5B ). IVIG (2 g/kg i.p.), which failed to effect arthritis scores in this study, demonstrated a statistically significant reduction in anti-collagen antibody levels compared with vehicle-treated controls ( Figure 5B ).
In order to understand whether these systemic changes reflected those occurring at sites of disease, we employed NanoString technology to measure mRNA expression profiles in the joints of naive, diseased vehicle-treated (PBS), and diseased GL-2045-treated (GL-2045) mice (Supplemental Figure 3 and Supplemental Figure 4 ). Four samples from the PBS group (all with arthritis scores > 3.6) and 3 samples from the GL-2045 group (with arthritis scores of 0.05, 0.7, and 1.5) did not pass the quality control test; therefore, they were removed from the NanoString analysis (Supplemental Figure 4 , A and B). The loss of these subjects may have limited our ability to detect statistically significant changes between cohorts. Diseased PBS-treated mice showed a significant increase in mRNA encoding for IL-1β, CCR2, and TGF-β3 compared with the naive control mice. Treatment with GL-2045 significantly reduced the levels of CCR2 mRNA compared with the PBS-treated mice. While there was also a reduction in levels of IL-1β, IL-6, and TGF-β3 between GL-2045-treated and PBS-treated animals, these changes did not reach statistical significance (Supplemental Figure 3C ). The importance of IL-1β The body weight changes on day 11 after enrollment from baseline were compared among different treatment groups. At the initiation of treatment, individual paws were classified as noninflamed (arthritis score = 0) and inflamed (arthritis score ≥ 1). AUC arthritis scores were calculated and were compared among different treatment groups on noninflamed (D) and inflamed paws (E). (C-E) Data are shown as box and whisker plots (the bounds of the boxes represent the 25th and 75th percentile, the lines represent median, and top and bottom whiskers represent the 95th and 5th percentile). CIA data show naive (n = 4), diseased (n = 10), and treated (n = 10). Units for the test compounds: mg/kg. *P < 0.05, **P < 0.01, ***P < 0.001, compared with Albumin group (A) or PBS group (C-E). One-way ANOVA with Dunnett's correction (A, C, D, and E).
in disease pathogenesis and GL-2045-mediated treatment effects was suggested by its significant association with arthritis score (Supplemental Figure 3D) . CD14 + cells express high levels of FcγRs and CD14 + inflammatory dendritic cells are known to secrete IL-1β, TGF-β, IL-6, and IL-23 (38) . We explored whether CD14 + cells were important for GL-2045-mediated inhibition of proinflammatory cytokines and chemokine receptors. Expression analysis revealed that, while CD14 mRNA was reduced in GL-2045-treated vs. PBS-treated diseased mice, it did not reach statistical significance (Supplemental Figure 4A) . However, CD14 expression was significantly associated with arthritis score, suggesting the importance of CD14 + cells in disease pathogenesis. Furthermore, the expression of CD14 was significantly correlated with the expression of IL-1β and CCR2, but not IL-6 or TGF-β3 (Supplemental Figure 4 , B and C).
GL-2045 modulates circulating levels of select cytokines in rats.
To understand the effect of GL-2045 on the healthy immune system and as part of the nonclinical development in preparation for future clinical testing, a broad range of doses (1-2000 mg/kg) of GL-2045, administered as i.v. infusions, were evaluated in Wistar Han rats in 2 separate studies (high-and low-dose studies). In the high-dose study, rats received 160, 566, or 2000 mg/kg. However, by day 8, the 2000 mg/kg dose had to be lowered to 1200 mg/kg due to unscheduled euthanasia of 6 rats with clinical observations of limited use and/or swelling of hind limbs; Joints from each animal were assessed for changes in histopathology parameters at the end of the treatment study (day 11 after enrollment). (A) Representative photomicrographs of toluidine blue-stained ankle (40× magnification), knee (100× magnification), hind paw (16× magnification), and forepaw (16× magnification) joints from selected groups: naive, diseased vehicle-treated (PBS), diseased dexamethasone-treated (Dex), diseased IVIG-treated 2 g/kg (IVIG i.p.), and diseased GL-2045-treated 50 mg/kg (GL-2045 50 i.v.). w, wrist; s, synovium. Arrows point to affected joints. (B) Box and whisker plots of quantification of histopathological parameters measured in all joints from each treatment group. The bounds of the boxes represent the 25th and 75th percentile, the lines represent median, and top and bottom whiskers represent the 95th and 5th percentile. Naive mice showed no inflammation or joint pathology. Compared with the PBS group, Dex-and GL-2045-treated animals showed significantly less histopathological evidence of disease. *P < 0.05 compared with PBS. Kruskal-Wallis test with Dunn's post-hoc test. Naive, n = 4; all the other groups, n = 10.
therefore, this dose group was labeled 2000/1200 mg/kg. Similar findings were found in some animals receiving lower doses in this study, which also resulted in unscheduled euthanasia. Microscopic evaluations of the hind limbs (data not shown) from euthanized rats provided evidence that indicated the effects were due to complications of the infusion procedure resulting in extravasation of GL-2045 and a local inflammatory response near the infusion site. In the low-dose study in which the 160 mg/kg dose was also applied, there were only 9 unscheduled euthanasias out of a total of 122 rats (spread across all treatment groups). Although multiple clinical signs were reported, none were deemed to be associated with administration of GL-2045.
Terminal complement complex (TCC; C5b-9) was measured in the low-dose study only. There were no GL-2045-induced changes in TCC at any dose or time point examined (data not shown). Nine cytokines were measured in the serum harvested from the rats in both studies. In general, similar changes in the concentrations of several cytokines were seen within 24 hours after infusion across the 6 weeks of dosing (data not shown); therefore, only the day 1 data are presented (unless indicated). Cytokine concentrations at 0 (preinfusion), 1, 3, and 24 hours after the start of infusion are plotted for IL-10, IL-4, IL-13, and TNF-α (Supplemental Figure 5) , and data for the other cytokines measured (IL-2, IL-6, IL-12p70, IL-17, and IFN-γ) are presented in Supplemental Table 1 . GL-2045, at the lowest dose tested (1 mg/kg), had no or limited effects (increased IL-10 at 1 hour on day 1) on the cytokines measured. Small transient changes at 1 and 3 hours after infusion were seen on day 15 for IL-17 and TNF-α and on day 43 for IL-13. At doses ≥10 mg/ kg, GL-2045 induced statistically significant increases in IL-10, IL-4, IL-13, and TNF-α by 1 or 3 hours after infusion, which either returned to baseline levels (IL-13 and TNF-α) or trended toward baseline levels (IL-10 and IL-4) by 24 hours after infusion. The plots highlight the transient modulation of these cytokines by GL-2045 and, in general, the absence of a dose-response effect as shown by similar concentrations of each cytokine across a broad dose range of GL-2045. The other cytokines measured in this study did not change significantly on day 1 (Supplemental Table 1 ).
GL-2045 modulates circulating levels of cytokines and complement activation products in NHPs.
To understand the effect of GL-2045 on the healthy immune system in a larger animal species and as part of the preclinical development and safety assessment of GL-2045 in preparation for future clinical testing, a broad range of doses (0.1-1000 mg/kg) of GL-2045, administered as i.v. infusions, were evaluated in NHPs. The serum level of GL-2045 increased with increasing dose, with maximum concentration (C max ) approximately increasing in proportion to dose (Supplemental Figure 6) . The overall incidence of anti-drug Ab (ADA) induction to GL-2045 was 62% (24 of 39 animals) for all GL-2045-dosed animals. The incidence of ADA was 17% (1 of 6 animals), 100% (6 of 6 animals), 83% (10 of 12 animals), 83% (5 of 6 animals), and 22% (2 of 9 animals) after weekly i.v. administration of GL-2045 at 0.1, 10, 50, 224, or 1000 mg/kg/week, respectively. Blood was collected on day 5 or 6 after enrollment in CIA mice, and plasma levels of IL-6 (A) and anti-type II collagen antibody (B) were measured by ELISA. The bounds of the boxes represent the 25th and 75th percentile, the lines represent median, and top and bottom whiskers represent the 95th and 5th percentile. Naïve, n = 2; all the other groups, n = 5. All P values are comparisons against PBS group. *P < 0.05, **P < 0.01. One-way ANOVA with Dunnett's correction.
The complement activation products C3a, C4a, sC5b-9, and Bb were transiently increased with no obvious dose related correlations above 10 mg/kg (data to be reported elsewhere). A panel of eleven cytokines and chemokines were measured in these studies and the effects of GL-2045 on circulating monocyte populations were also monitored. Changes in concentration from baseline (hour 0 for each dose) were evaluated. Similar changes in the levels of cytokines and chemokines measured within 24 hours after infusion were seen across the 6 weeks of dosing (data not shown), so only the day 1 data are presented in which serum concentrations at 0 (preinfusion), 1, 3, and 24 hours are shown.
Our analyses began with a global statistical assessment of the concentration-time profiles of all cytokines and chemokines measured across all doses of GL-2045. The concentration-time profiles of IL-8, IL-1 receptor antagonist (IL-1RA), and IL-10 were significantly different across the doses of GL-2045 (P < 0.001 for the low-dose study groups and P < 0.05 for the high-dose study groups for all 3 markers), and were therefore plotted and considered for further assessment (Figure 6 ). This included a comparison of the effects of the lowest dose of GL-2045 to the effects in the vehicle group, followed by an assessment of cytokine changes in each GL-2045-dose group compared with the preinfusion baseline levels in that group.
The changes in IL-8, IL-1RA, and IL-10 concentrations induced by GL-2045 dosed at 0.1 mg/kg (lowest dose) were either no different from or of lower magnitude compared with the vehicle group (0 mg/kg) group at each time point. Comparing to preinfusion baseline concentrations of these markers, changes in all dose groups were transient, as shown by the recovery to preinfusion concentrations of each marker 24 hours after the start of infusion. In regards to IL-8, a chemokine with proinflammatory activity (39) , most of the changes were observed as statistically significant reductions from preinfusion IL-8 concentrations, in samples collected 1 and 3 hours after infusion. Interestingly, the vehicle group (0 mg/kg) also showed transiently reduced IL-8 concentrations that, in general, were not significantly different from those observed in animals receiving GL-2045 at doses <50 mg/kg ( Figure 6A) . However, at doses ≥50 mg/kg, these changes from preinfusion baseline levels were greater than those in the vehicle group. At 24 hours, IL-8 levels were increased above those measured at 3 hours, approaching baseline levels, suggesting a transient modulation of this chemokine by GL-2045 and the vehicle ( Figure 6A ).
The antiinflammatory cytokines IL-10 and IL-1RA were increased transiently in response to GL-2045, with statistically significant increases in IL-10 seen in the 50 mg/kg (in the low-but not the high-dose study, 224, and 1000 mg/kg groups at 1 hour after infusion and statistically significant increases in IL-1RA detected at 3 hours after infusion at doses ≥ 10 mg/kg in both studies ( Figure 6B ). There were no statistically significant changes in IL-2, IL-4, IL-6, IL-12/23p40, IL-13, IL-17, IFN-γ, or TNF-α. However, in the highdose study, there was a trend for reductions in levels of IL-12/23p40, IL-13, and IL-17 in GL-2045-treated animals compared with their individual baselines, while no changes in the vehicle (0 mg/kg) groups were detected (Supplemental Table 2 ). There was also a trend for increased IL-6 at several dose levels in the lowdose study (Supplemental Table 2 ). However, the biologic relevance of these findings was difficult to interpret secondary to a more than 2-fold increase in IL-6 in the vehicle (0 mg/kg) group in the high-dose study.
GL-2045 induces phenotypic changes on circulating monocytes in NHPs.
It is well recognized that cells of monocyte origin are important mediators of the antiinflammatory activities of IVIG (4). GL-2045-induced decreases (compared with baseline, day -9), in peripheral blood monocyte CD14 mean fluorescence intensity (MFI) values, were observed on days 16 and 44 of the dosing phase for nearly all animals only in the highdose study. GL-2045-induced decreases in the percentages of activated monocytes (HLA-DR + monocytes) were observed on days 16 and 44 of the dosing phase at doses ≥224 mg/kg (Figure 7) . Also, nonsignificant decreases of NK cells were observed in female monkeys only on day 44 at ≥224 mg/kg. In the low-dose study, nonsignificant decreases in NK and Tregs were observed in both sexes at 50 mg/kg (data not shown). Collectively, these data suggest that high doses of GL-2045 and/or associated differences in the infusion paradigms between the low-and high-dose studies differentially influence monocyte expression of CD14 and HLA-DR, with trends for modulation of other immune cell subtypes.
Discussion
In this study, we report our preclinical evaluation of GL-2045, comprising in vitro analyses of binding and signaling, in vivo studies in rodent models of autoimmunity, and biochemical and cellular changes induced in healthy rats and NHPs. These studies serve as a basis for both the generation of hypotheses to explain the mechanisms by which GL-2045 modulates the immune response and to enable the initiation of clinical testing.
Because GL-2045 is composed of highly ordered Fc multimers, which could theoretically vary between lots, we first sought to define the reliability of drug substance production. GL-2045, produced by either Pfizer or Gliknik, yielded a highly consistent protein product as judged by SDS-PAGE gels, size exclusion chromatograms, and binding studies (Supplemental Figure 1) . The material generated in the Pfizer laboratories, PF-06755347, was used for the studies in this paper. Based on the knowledge that multimerized Fc fragments are required to engage and signal through the low-affinity FcγRs, we initially evaluated the ability of GL-2045 to recapitulate these functions. In vitro studies demonstrated that GL-2045 bound with high avidity to all of the canonical FcγRs, inhibited the binding of ICs from patients with RA to FcγR-expressing CHO cells, blocked ADCP and ADCC, and induced signaling through FcγRIIa and FcγRIIIa. These findings are consistent with recent reports demonstrating that recombinant human IgG1 hexamers and hexamers of IgG4, containing the IgG1 CH3 domain with or without specific point mutations, inhibit select FcγR engagement and block complement activation (40, 41) . Collectively, these data suggest that GL-2045 may be reproducibly generated as a drug product with target-specific functional activity -attributes that made it suitable for characterization in vivo.
GL-2045 is the human analogue of M-045, a recombinant mouse IgG2a Fc multimer that effectively ameliorated autoimmune disease in a variety of rodent models (26) . For instance, we previously reported that M-045 was effective in treating CIA and preventing platelet loss in a murine model of ITP. Blood samples were collected preinfusion (0 hours) and at 1, 3, and 24 hours after initiation of the i.v. infusion, and serum levels of cytokines were assessed. Data from blood collected during the first 24 hours after infusion are shown as least squares means. The bounds of the boxes represent the 25th and 75th percentile, the lines represent median, top and bottom whiskers represent the 95th and 5th percentile, and the circles are the values above 95th percentile. Low-dose study: n = 6 animals per group. High-dose study: n = 9, 0 mg/kg; n = 6, GL-2045, 50 mg/kg; n = 6, GL-2045, 224 mg/kg; n = 10, GL-2045, 1000 mg/kg. *P < 0.05, **P < 0.01, ***P < 0.001, compared with preinfusion levels (0 hours).
Additionally, we showed that the ability of M-045 to prevent platelet loss was reduced in FcγRIIb-deficient mice, with the notable qualification that FcγRIIb -/-mice had reduced baseline platelet counts compared with WT controls. In order to ascertain whether GL-2045 could recapitulate our observations with M-045 in rodent models of autoimmunity, we evaluated this human drug candidate in similar model systems. GL-2045 improved the arthritis score in a therapeutic CIA model and appeared to protect mice from antibody-mediated platelet loss in the ITP model. M-045 was more efficacious in both models compared with GL-2045, a finding likely due to the fact that M-045 is of mouse origin. These differences are likely not explained by differences in avidity because, based on historical comparisons, M045 and GL-2045 appear to have similar avidity for mouse FcRs (26) .
Interestingly, despite the knowledge that autoantibodies play an important role in the pathophysiology of CIA (42), changes in anti-collagen antibody levels were not significantly associated with improved arthritis scores after treatment. This lack of association was likely due to the timing of test article administration, after antibodies were already generated. Additionally, in contrast to recent reports in which IVIG was shown to be effective in preventing CIA and treating both CIA and anti-collagen antibody-induced arthritis (21, 26, 43) , in the current study, IVIG treatment did not demonstrate any therapeutic effects within the 11-day observation period (Figure 3 , B-E). We postulate that this discrepancy is attributable to the observation period in the present study, as we have previously reported that IVIG-treated animals have decreased clinical evidence of CIA 2 weeks following initiation of IVIG therapy (26) .
The observed changes in systemic and joint-specific cytokine/chemokine levels provide preliminary evidence associating the mechanisms underlying GL-2045 function with suppression of inflammatory cytokines in the treatment of autoimmunity. For example, treatment with GL-2045 significantly reduced systemic levels of IL-6, with a trend toward GL-2045-mediated IL-6 mRNA reduction in arthritic joints. These data are consistent with previous observations showing that IL-6 is necessary for the development of CIA and that blockade of IL-6 ameliorates disease (36, 44) . Additionally, these treatment-related reductions in IL-6 are likely relevant to the treatment of RA, where the anti-IL-6 mAb, tocilizumab, is approved for the management of patients failing anti-TNF-α therapy (45) . Samples of blood were collected at 9 days (-9 days) and 2 days (-2 days) before treatment and 16 and 44 days after initiation of treatment. The expression of CD14 and HLA-DR on monocytes was analyzed by FACS. The bounds of the boxes represent the 25th and 75th percentile, the lines represent median, top and bottom whiskers represent the 95th and 5th percentile, and the circles are the values above 95th percentile. *P < 0.05, ***P < 0.001, compared with pretreatment levels (-9 days). Low-dose study: n = 6 animals per group. High-dose study: n = 10, vehicle control; n = 6, GL-2045, 50 mg/kg; n = 6 GL-2045, 224 mg/kg; n = 8 GL-2045, 1000 mg/kg. Furthermore, our findings that GL-2045 reduces CD14 expression in the joint, that CD14 mRNA levels directly correlate with local mRNA levels of IL-1β and CCR2, and that CD14 levels are associated with arthritis score suggest that CD14-expressing monocytes might be of biologic relevance in the antiinflammatory activity of GL-2045. The importance of these monocytes in mediating the antiinflammatory effects of GL-2045 is further supported by our observation that GL-2045 reduced the expression of CD14 and HLA-DR on circulating monocytes in the high-dose NHP study (Figure 7 ). These changes are potentially biologically relevant because circulating CD14 + CD16 + DR ++ cells, while comprising only 10% of the monocyte population, are proinflammatory (46) . Furthermore, these phenotypic changes mirror those induced by IVIG, where treatment of patients with common variable immunodeficiency results in significant (approximately 50%) reductions in both CD14 + CD16
++ and CD14 + DR + monocytes at 4 hours after infusion (47) . We also evaluated the effects of GL-2045 in healthy rats and NHPs to better understand the effect of GL-2045 on the normal/healthy immune system. Our results show that there were differences between rats and NHPs in terms of the cytokines that were modulated by GL-2045. In an effort to elucidate a mechanism for this finding, the binding of GL-2045 to rat immune cells, reported previously (30) , was compared with that for NHP immune cells. The pattern of GL-2045 binding to rat immune cells differed from its interactions with immune cells from NHPs, with limited/no binding to NK cells and B cells in rat whole blood and with evidence of binding to the same cell types in NHP whole blood ( Figure 1C ). This limited binding to rat B cells suggests that GL-2045 may not bind to the inhibitory FcγRIIb receptor on the surface of circulating immune cells in the rat. Similarly, based on recent studies demonstrating that NK cells are required for the IVIG-mediated prevention of graft vs. host disease (GVHD) in a mouse model, the inability of GL-2045 to engage rat NK cells may also contribute to the different GL-2045-mediated cytokine changes observed in NHPs vs. rats (48) .
In NHPs, GL-2045 induced transient increases in IL-1RA and IL-10. A transient suppression of IL-8 levels was seen but only in higher-dose groups (≥50 mg/kg). We postulate that the interstudy differences in cytokine changes in response to GL-2045 dosed at 50 mg/kg (the only dose that was similar in both studies) are likely secondary to the different infusion paradigms employed in these 2 studies and to interanimal variability. Importantly, GL-2045 did not induce statistically significant increases for any of the well-recognized proinflammatory cytokines measured, including IL-6, IFN-γ, and TNF-α (Supplemental Table 2 ), although increases in individual animals were observed for IL-6 at ≥10 mg/kg. Interestingly, some of the cytokine changes reported here were similar to those induced by clinically relevant doses (for autoimmune disease) of IVIG in patients with congestive heart failure, in which increased levels of IL-10 and IL-1RA were reported and correlated with improved left ventricular ejection fractions (49) .
Collectively, our data provide evidence that treatment with GL-2045 may benefit patients with autoimmune disease. These observations are bolstered by the findings of others, who have recently developed hexameric Fc-fusion proteins or employed our IgG2 hinge multimerization strategy as a basis to develop drug candidates that have functional overlap with GL-2045 (40, 41, 50) . Together with those findings, our studies add to the growing excitement around our concept of using recombinant Fc multimers for the treatment of human autoimmune disease.
Methods
Preparation of GL-2045
GL-2045 was produced by Gliknik Inc. or by Pfizer Inc. (PCT application, WO 2017/214321). The drug substance was expressed in CHO cells and was manufactured using a fed-batch process with chemically defined media. The material was purified using a combination of affinity and ion-exchange chromatography. Analytical characterization ensured that the targeted multimer distribution was achieved. The consistency of GL-2045 between different batches or producers was compared by SDS-PAGE, gel filtration, and cell binding. The in vitro blocking of IC binding to CHO-FcγR cells and phagocytosis assays were performed with GL-2045 produced by Gliknik Inc. All the in vivo experiments were tested using GL-2045 produced by Pfizer. G001 was prepared by Gliknik Inc. (51) . The IVIG used throughout was Gamunex-C (lot no. 13533-800-12/26NNKV1) manufactured by Grifols and human IgG1 (lot no. 11639) was provided by Pfizer.
SDS-PAGE analysis. Nonreduced and reduced SDS-PAGE analyses of GL-2045 were performed as previously described (51) .
Binding studies with immune cells from humans, NHPs, and mice A single cell suspension of C57BL/6J mouse spleen was prepared by mincing spleen parenchyma through a cell strainer (70 μm), followed by RBC lysis, and washing with PBS. Spleen cells were then incubated with Dylight 488-conjugated GL-2045, in combination with fluorochrome-conjugated anti-mouse mAbs: CD3e (145-2C11, BioLegend), CD45R (RA3-6B2, BD Bioscience), CD49b (DX5, BD Bioscience), CD11b (M1/70, eBioscience), and Gr-1 (RB6-8C5, BioLegend) for 30 minutes at 4°C. All the samples were acquired using a BD LSRII flow cytometer, and they were analyzed with FACSDiva (BD Bioscience) or Flowjo software (Tree Star Inc.).
Binding studies using BLI
Binding kinetics were determined by BLI using the Octet Red96 System (software V7.0 or V8.1) (ForteBio). Streptavidin or anti-histidine (anti-His) biosensors were preequilibrated in HBS-EP buffer (catalog BR-1001-88, GE Healthcare), which is composed of 10 mM HEPES, 150 mM sodium chloride, 3 mM EDTA, 0.005% polysorbate 20, for a minimum of 10 minutes followed by a 60-second equilibration in HBS-EP to establish a baseline. Biotinylated or (His) 6 -tagged FcRs (Sino Biologicals) were bound to the biosensors at 0.5 μg/ml for 180 seconds, followed by a 60-second baseline equilibration in HBS-EP. The biosensors were immersed in a solution containing the analytes and were serially diluted from 500 μg/ml for a 600-second association phase, followed by a 1200-second dissociation phase in HBS-EP. All FcγR binding was conducted with HBS-EP (pH 7.4).
For FcRn, the anti-(His) 6 biosensors were preequilibrated in HBS-EP (pH 7.4) for a minimum of 10 minutes, followed by a 60-second equilibration in HBS-EP (pH 6.0 or pH 7.4) to establish a baseline. The FcRn were bound to the biosensor at 0.5 μg/ml for 180 seconds (pH 6.0 or pH 7.4), followed by a 60-second baseline in HBS-EP (pH 6.0). The biosensors were immersed in a solution containing the analytes, serially diluted from 500 μg/ml in HBS-EP (pH 6.0) for a 600-second association phase, followed by a 1200-second dissociation phase in HBS-EP (pH 7.4). A 1:1 local binding full fit model was used to calculate the apparent binding affinities (K D s), association (Ka), and dissociation (Kd) rates.
Binding studies using SPR DC-SIGN IgG Fc chimera (R&D Systems) was diluted to 10 μg/ml in Acetate pH 5.0 and amine coupled to a CM5 chip on a Biacore 3000 to an immobilization level of 1600 resonance units (RU). Using HBS-P supplemented with 2 mM calcium chloride as the running and dilution buffers, GL-2045, IVIG, and ICAM-3 were injected at 25 μl/minute for 60 seconds. A blank flow cell was used as a reference cell.
IC binding to human FcγR-expressing CHO cells (CHO-huFcγRs)
CHO-huFcγRs were pretreated with G001 or GL-2045 at 10 and 100 μg/ml for 15 minutes at room temperature (51) . Serum samples from 6 patients with RA (52), used as source of IC (rheumatoid factor IgG > 60 U/ml), were added directly to the culture to achieve a final concentration of 10% and incubated for 15 minutes at room temperature. Cells were then washed and stained with fluorescein isothiocyanate-labeled goat anti-human IgG (Fab specific) antibody (catalog F5512, MilliporeSigma) and were analyzed by flow cytometry.
FcγRIIa and FcγRIIIa reporter-based signaling assays. Components of the ADCC and ADCP reporter bioassay kits (Promega) were used to measure the effects of GL-2045 on induction of signaling following binding to FcγRIIIa (V158) and FcγRIIa (H131), respectively, according to manufacturer's protocol. All compounds were tested in duplicate.
Serially diluted IVIG and GL-2045 were incubated in a volume of 75 μl, with the effector cells expressing FcγRIIa or -IIIa for 6 hours at 37°C. Bio-Glo Luciferase Reagent (75 μl/well, Promega) was added and incubated for 10 minutes in the dark at room temperature. Results were captured as relative luminescence values using an EnVision 2104 Multi-label reader (Perkin Elmer) and the US LUM 96 program.
Macrophage phagocytosis assay
In vitro monocyte differentiated macrophages (53) were cocultured with CFSE-labeled (Molecular probe) Ramos cells (ATCC) at a 1:5 ratio in the presence of GL-2045 (1, 10, 100 μg/ml) for 15 minutes at room temperature in a 96-well ultra-low attachment plate (Corning). Then, anti-CD20 Ab was added directly to the culture at a final concentration of 10 μg/ml for 1 hour at 37°C. Cells were harvested and stained with Phycoerythrin-conjugated (PE-conjugated) anti-CD11b mAb (catalog 301305, clone ICRF44, BioLegend) for 30 minutes at 4°C and analyzed by flow cytometry. Doublets were excluded using forward scatter (FSC) height and width properties. The CFSE/CD11b double-positive cells were identified as phagocytosed macrophages. The percentage of CFSE/CD11b double-positive cells within the total CD11b + macrophage population was calculated as the capacity of macrophages to phagocytose target cells.
ADCC assay
PBMCs were separated by density gradient centrifugation from buffy coat (Biological Specialty Inc.), followed by NK cell separation using NK cell isolation kit (Miltenyi Biotec). Increasing concentrations of G001, GL-2045, or IVIG were incubated with NK cells for 5 minutes at room temperature in a 96-well plate, followed by addition of Ramos cells and anti-CD20 Ab at final concentration of 0.1 μg/ml. The plate was incubated for 4 hours at 37°C. The ration of NK/Ramos cells was 3:1. Cells were harvested and stained with CD19 APC (HIB19, BioLegend) and CD56 PE (5.1H11, BioLegend), followed by Annexin V/7-AAD staining in order to quantify B cell death/apoptosis. Doublets were excluded using FSC height and width properties. The Ramos cell gate was first defined on FSC-A vs. Treatments with GL-2045, IVIG, or M-045 were initiated on day 1 following enrollment and dosed Q4D i.v. or i.p. Dexamethasone (VetOne) was orally dosed daily as a positive control treatment, and PBS was used as the vehicle control. Body weights and disease scores for all 4 paws were collected daily after enrollment. Serum was prepared from orbital blood draws on postenrollment days 1 (pretreatment), 2, 5 and 6, and on day 11 via cardiac puncture after euthanasia. Joint tissue was collected for histopathological assessment. Blood samples were analyzed for anti-collagen antibodies using an anti-mouse type II collagen IgG assay kit (Chondrex). Plasma levels of IL-1β, IL-6, IL-10, IFN-γ, and TNF-α were quantified using V-PLEX proinflammatory panel 1 mouse kit (Meso Scale Discovery, MSD K15048D-2).
Formalin-fixed paraffin-embedded (FFPE) joints were sectioned at 8 μm and stained with toluidine blue. Six joints from each animal were processed for histopathologic evaluation and scored for inflammation, pannus, cartilage damage, bone resorption, and periosteal new bone formation.
Five 10-μm sections were prepared from FFPE samples from each hind paw of individual naive animals, diseased vehicle-treated (PBS), or diseased GL-2045-treated (50 mg/kg i.v. Q4D). Total RNA isolation was performed using an miRNeasy FFPE kit (Qiagen). A panel measuring 561 immunology-related mouse genes was used to measure mRNA counts using nCounter (NanoString Technologies) at Johns Hopkins Deep Sequencing and Microarray Core Facility. The raw gene expression data underwent a series of quality control checks, and flagged samples were excluded from analysis as indicated by nSolver version 2.6 software. A total of 4 samples from untreated animals, 6 from PBS-treated, and 7 from GL-2045-treated samples were suitable for analysis. Data was then normalized using positive, negative, and housekeeping genes (GAPDH, Oaz1, Ppia, Rpl19, and Tubb5). The mean ± 2 times SD of 8 negative controls was used for the background subtraction parameters in order to yield a 95% confidence threshold. The geometric mean of 5 internal positive controls was used to normalize the data across all samples in order to minimize distortion from batch effects.
Mouse ITP model
Female C57BL/6J mice, age 10-12 weeks, were randomized into study groups of n = 15. On day 0, GL-2045 was administered i.v. at 40 and 80 mg/kg and i.p. at 80 mg/kg. M045 was administered i.v. at 40 mg/kg and IVIG was dosed i.p. at 2 g/kg. Additionally, human serum albumin was administered i.p. at 2 g/kg as a negative protein load control. A vehicle control was also administered i.p. On days 1-4 of the study, all groups except for the vehicle control group were dosed with anti-CD41 antibody at 68 μg/kg i.p. Blood samples were collected from a lateral tail vein needle stick using a Sarstedt Minivette POCT collection device, on day 0 (prior to the administration of test compounds as baseline) and day 4. Mouse blood samples were stained with anti-CD61-PE (catalog 130-102-628, clone 2C9.G2, Miltenyi Biotec, analyzed with MacsQuant VYB analyzer (Miltenyi Biotec), which determined the percent of platelets in each sample.
In vivo studies in rats
Two separate rat studies were conducted by Covance Laboratories Inc. (high-dose study) and Charles River Laboratories Montreal ULC (low-dose study), respectively. In both studies, Wistar Han rats were received from Charles River Laboratories. Equal numbers of male and female animals were assigned to different dosing groups using a computerized procedure designed to achieve minimal variation of body weight. Test compounds were diluted with vehicle buffer (20 mM His, 0.05 mg/ml EDTA, 5% sucrose, and 0.2 mg/ml polysorbate, pH 5.6) to achieve the desired concentrations. The doses were 1, 10, and 160 mg/kg (low-dose study) and 160, 566, and 2000/1200 mg/kg (high-dose study). The dose of 2000 mg/kg was reduced to 1200 mg/kg beginning on day 8 of the dosing phase due to the unscheduled euthanasia of 6 rats with clinical observations of limited use and/or swelling of hind limbs. Microscopic evaluations of the hind limbs from euthanized rats indicated the effects were due to complications of the infusion procedure resulting in extravasation of GL-2045 and a local inflammatory response near the infusion site. Animals were dosed via weekly i.v. infusions for up to 5 hours/day in the low-dose study and 8 hours/day in the high-dose study (via a catheter implanted in the femoral vein), and blood was drawn on days 1, 15, 29, and 43 at the following intervals: before infusion and 1, 3, and 24 hours after infusion. In the low-dose study, GL-2045 or vehicle was infused at a rate of 0.02 ml/kg/minute for 1 hour and then at a rate of0.08 mL/kg/minute for 2.25 hours (for the 10 mg/kg dose) or 3.91 hours (for the 160 mg/kg dose). In the high-dose study, the dose rate started at 0.02 ml/kg/minute and increased to a high-dose rate of 0.09 ml/kg/minute. Blood samples were collected in serum separator tubes at different time points, and serum samples were assayed for the levels of IFN-γ, TNF-α, IL-2, IL-4, IL-6, IL-10, IL-12p70, IL-13, and IL-17 using the Rat Cytokine/ Chemokine Magnetic Bead Panel (MILLIPLEX Map Assay, MilliporeSigma).
In vivo studies in NHPs
All of the NHP experiments were performed by Covance Laboratories Inc. Male and female cynomolgus macaques of Mauritius origin were received from Covance Research Products Inc. At the initiation of dosing, animals were 3 years old and weights ranged from 2.8-4.4 kg for males and 2.6-3.5 kg for females. Animals were randomized using a computerized procedure designed to produce minimal variation of mean body weight for each group/sex. GL-2045 was diluted with the vehicle buffer (20 mM His, 0.05 mg/ml EDTA, 5% sucrose, and 0.2 mg/ml polysorbate, pH 5.6) and administered via once-weekly i.v. infusions. The doses were 0.1, 10, and 50 mg/kg (low-dose study) and 50, 224, and 1000 mg/kg (high-dose study). In the low-dose study, GL-2045 or vehicle was infused at a rate of 0.02 ml/kg/minute for 1 hour and then at a rate of 0.08 ml/kg/minute for 2.25 hours. In the high-dose study, GL-2045 or vehicle was infused at a rate of 0.02 ml/kg/ minute and increased in 0.02 ml/kg/minute increments approximately every 30 minutes, until a maximum rate of 0.08 ml/kg/minute was reached. As a precaution against infusion reactions, all animals in the highdose study received Diphenhydramine HCl via an i.v. bolus injection at 4 mg/kg approximately 30 minutes prior to the first infusion on each day of dosing. Blood samples were collected from a femoral vein and placed into tubes containing K 2 EDTA anticoagulant twice during the prestudy phase and on days 16 (24 hours after the second infusion) and 44 (24 hours after the sixth infusion) of the dosing phase, for immunophenotyping analyses. Blood samples were collected in serum separator tubes at preinfusion and approximately 1, 3, and . The range of quantification was 0.0653-4.00 μg/m-in 100% monkey serum.
Detection of GL-2045 ADA in monkey serum
Blood samples were collected into serum separator tubes on days 1 and 43 of the dosing phase. An ECL assay was validated to detect the presence of ADA in monkey serum on the MSD assay platform. Briefly, each plate included a positive control, consisting of rabbit anti-GL-2045 polyclonal antibody spiked into monkey serum, and a negative control, consisting of pooled normal monkey serum, to monitor assay performance. Samples were incubated with acid to dissociate potential antibody-drug complexes. Acid dissociated samples were neutralized with Tris-base and then coincubated with biotinylated and ruthenium-labeled GL-2045. Complexes were captured using biotinylated GL-2045 on blocked streptavidin-coated MSD Multi-Array plates. Detection was achieved using tripropylamine to produce an ECL signal that was measured using the MSD instrument. Assay responses were quantified in RLU.
Statistics
IC binding to FcγR-expressing CHO cells.
To assess inhibition of binding RA ICs at different concentrations of G001 and GL-2045, blood of 6 subjects was exposed to the test compounds at concentrations of 0, 10, and 100 μg/ml. One-way ANOVA allowing for unequal variance across treatment groups was used for treatment comparison. All cytokine values were log transformed for analysis. Tukey's correction for multiple comparisons was used to assess significance when all groups were compared with each other. Similarly, 1-way ANOVA with Tukey's multiplicity correction was used for assessment of inhibition of ADCP and ADCC. Dunnett's correction was used when IVIG treatment groups were compared with control.
FcRγIIa and FcγRIIIa reporter-based signaling assays. Data analysis was performed with GraphPad Prism version 6 software. The background RLUs were subtracted from the RLUs recorded from each well. The EC 50 values were determined from the plots of log compound concentration on the x axis vs. RLU values (after background subtraction) on the y axis. A variable slope curve-fitting model (4 parameters) was used within GraphPad Prism 6.0 software. Mean EC 50 values ± SD were calculated from 3 experiments.
ITP study. ITP mouse model was used to assess change in platelet counts in mice (n = 105) equally randomized to receive either no intervention or anti-CD41 and 1 of 6 treatments. The assessments were done at baseline and on day 4. One-way ANOVA was used to compare mean platelet percentages across the 7 groups after controlling for baseline.
CIA study. Male DBA/1 mice (n = 104) that were 6-7 weeks old were randomized to 11 groups. Four mice received no intervention, and 100 (10 per group) were randomized to receive vehicle or 1 of 9 treatments after CIA onset was detected. Aggregated over-treatment period arthritis score measure was computed by determining AUC. Arthritis scores and biomarker measures were compared using 1-way ANOVA test with multiple comparison adjustment using Dunnett's procedures. mRNA analysis study. A subset of CIA study mice was used to assess the relationship between arthritis score and mRNA levels of CD14, IL-1β, IL-6, CCR2, and TGF-β3. All naive (n = 4), diseased vehicle-treated (n = 6), and diseased GL-2045-treated 50 mg/kg (n = 7) mice were analyzed. The groups were compared using 1-way ANOVA with Tukey correction. Linear models adjusted for treatment group were used to test significance of the linear associations of the measures.
In vivo studies in rats and NHPs. Two studies were performed in Wistar Han rats and 2 in cynomolgus macaque monkeys. In the rat studies, male and female Wistar Han rats were equally randomized to receive different doses of GL-2045. In the low-dose study, 0 mg/kg (20 animals), 1 mg/kg (20 animals), 10 mg/ kg (20 animals), and 160 mg/kg (20 animals) were the doses given. In the high-dose study, 0 mg/kg (30 animals), 160 mg/kg (20 animals), 566 mg/kg (20 animals), and 2000/1200 mg/kg (30 animals) were the doses given. Blood was drawn on days 1, 15, 29, and 43 at the following intervals: preinfusion and 1, 3, and 24 hours after infusion. For this document, only analyses of the day-1 samples are reported.
In the NHP studies, male and female NHPs were equally randomized to receive different doses of GL-2045 as follows: low-dose study, 0 mg/kg (6 animals), 0.1 mg/kg (6 animals), 10 mg/kg (6 animals), and 50 mg/kg (6 animals); high-dose study, 0 mg/kg (10 animals), 50 mg/kg (6 animals), 224 mg/kg (6 animals), and 1000 mg/kg (10 animals). Blood was drawn for assessments on days 1, 15, 29, and 43 at the following intervals: preinfusion, 1, 3, and 24 hours after infusion. For this document, only analyses of the day-1 samples are reported.
Analysis of rat and NHP cytokines/chemokines. All cytokine/chemokine values were log transformed for analysis. A mixed effect model was used to assess repeated measures, accounting for correlation of observations within each animal. Each model included treatment, time, sex, and treatment by time-interaction term. The compound symmetry covariance structure was specified. The significance of interaction term was used to test the treatment group effect. Bonferroni correction was used to adjust for multiple comparisons. Least squares means and corresponding 95% CI were reported for each treatment group at each time point. Data distributions were assessed for the normality assumption with stem and leaf, box plots, Q-Q plots, and the Shapiro-Wilk statistic. All analyses were produced using GraphPad PRISM, R 3.3.2 ,and SAS version 9.4 (SAS Institute Inc.).
Study Approval
Blood samples from patients with RA were acquired from anonymized patients at the Mayo Clinic. The protocol was approved by the IRB at the Mayo Clinic College of Medicine and the University of Maryland School of Medicine, and all patients provided informed written consent. The mouse CIA model experiments were conducted by Bolder BioPATH Inc. The study design and animal usage was approved by Bolder BioPATH's IACUC. The mouse ITP model studies were performed by Pfizer. All procedures were done in accordance with the Pfizer IACUC and the NIH Guide for the Care and Use of Laboratory Animals. The NHP studies and high-dose rat study were performed in Covance Laboratories. The low dose rat study was conducted by Charles River Laboratories Montreal ULC. All procedures in the protocol were in compliance with applicable animal welfare acts and were approved by the local IACUC.
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